Abstract. The transport of aerosols and pollutants from continental India to the adjoining oceanic areas is a major topic of concern and several experimental campaigns have been conducted over the region focusing on aerosol characteristics and their climate implications. The present study analyzes the spectral aerosol optical depth (AOD) variations over Bay of Bengal (BoB) during Winter-Integrated Campaign for Aerosols, gases and Radiation Budget (W-ICARB) from 27 December 2008 to 30 January 2009 and investigates the influence of the adjoining landmass to the marine aerosol field. High AOD 500 values (>0.7) occurred over northern BoB due to outflow of aerosols and pollutants from the densely populated Indo-Gangetic Plains (IGP); low AOD 500 (0.1-0.2) was observed in central and southern BoB, far away from the mainland. The Angstrom exponent "α" was observed to be high (>1.2) near coastal waters, indicating relative abundance of accumulation-mode continental aerosols. On the other hand, over southern BoB its values dropped below ∼0.7. National Center for Environmental Prediction (NCEP) reanalysis data on winds at 850 and 700 hPa, along with airmass trajectories calculated using Hybrid Single Particle Lagrangian Integrated Trajectory (HYSPLIT) model, suggested transport of continental aerosols from central and northern India over the BoB. On the other hand, when the ship was crossing the eastern BoB, the aerosol loading was strongly affected by air-masses originating from Southeast Asia, causing an increase in AOD and α. Biomass-burning episodes over the region played an important role in the observed aerosol properties. Terra/Aqua Moderate Resolution Imaging Spectroradiometer (MODIS) AOD 550 and cruise measured AOD 550 showed good agreement (R 2 = 0.86 and 0.77, Correspondence to: S. K. Kharol (shaileshan2000@yahoo.co.in) respectively) over BoB, exhibiting similar AOD and α spatiotemporal variation.
Introduction
Tropospheric aerosols affect the radiation budget by scattering and absorbing the incoming solar radiation (direct effect) and by modifying the cloud albedo and droplet size distribution, thereby changing the radiative properties and lifetime of clouds (indirect effect) and suppressing precipitation (IPCC, 2007) . The influence of aerosols on climate is much more complex than those of greenhouse gases because of different sources and production mechanisms and short atmospheric residence times, from less than a day to more than a week. Thus, the radiative forcing and the resulting climate impact due to atmospheric aerosols remain largely uncertain, primarily due to inadequate data representing the spatio-temporal heterogeneity of the aerosol properties and to the poor understanding of the aerosol-cloud interactions (Patadia et al., 2008) . More systematic measurements of atmospheric aerosol properties, together with numerical modeling and data assimilation, are needed to reduce the uncertainties (Diner et al., 2004; Yu et al., 2006; Mian Chin et al., 2009) .
Over the Indian subcontinent and surrounding oceanic regions, a number of observational campaigns, viz., Arabian Sea Monsoon Experiment (ARMEX), Indian Ocean Experiment (INDOEX), Land Campaigns (LC) LC-I and LC-II, and Integrated Campaign for Aerosols, gases and Radiation Budget (ICARB) were conducted to investigate the role of aerosols in altering the atmospheric radiation budget (e.g.
Published by Copernicus Publications on behalf of the European Geosciences Union. Ramanathan et al., 2001; Moorthy et al., 2005 Moorthy et al., , 2008 Jayaraman et al., 2006) . Despite the above campaigns, other few field experiments were limited to cruises along the Indian coasts and coastal northern BoB (e.g. Sumanth et al., 2004; Vinoj et al., 2004; Ganguly et al., 2005) and focused mainly on columnar aerosol optical depth (AOD) and ambient total mass concentration measurements. The first ICARB was conducted during the pre-monsoon season of March-May 2006 over the Indian subcontinent and adjoining oceanic regions, e.g. Bay of Bengal (BoB), Northern Indian Ocean (NIO), and Arabian Sea (AS). The main results of this campaign have been highlighted in numerous studies included in the special issue of Journal of Earth System Science (Volume 117, S1, July 2008). However, dedicated ship-borne measurements to explore the aerosol characteristics in the entire BoB were almost nonexistent, since the eastern BoB had remained fairly unexplored during ICARB-06. In continuation of the previous campaign, ICARB during winter season (W-ICARB) was conducted from 27 December 2008 to 30 January 2009 over Indian mainland and BoB aiming to explore the BoB in finer detail, including the northern, eastern part and also NIO, focusing on the physical and optical properties of atmospheric aerosols, trace gases and aerosol chemistry over the region.
In the present study, we have analyzed the variations in spectral AOD and aerosol optical properties over BoB during W-ICARB, focusing on the influence of continental fluxes over the oceanic area using columnar aerosol properties. Sinha et al. (2011b) and Sreekanth et al. (2011) analyzed the vertical structure of aerosols over the Marine Atmospheric Boundary Layer (MABL) via balloon and aircraft measurements, respectively, while Sinha et al. (2011a) focused on aerosol concentrations and particle size at the sea level and Kumar et al. (2010) on aerosol chemical composition. In a recent study, Kaskaoutis et al. (2011) aimed at classifying the aerosols over BoB into specific types, focusing also on the modification of aerosol processes in the marine atmosphere. Their results highlighted a large anthropogenic (fine-mode) aerosol component over nearly the whole BoB. The present work aims at identifying the sources for such large anthropogenic aerosol component, either originated from continental India or Southeast Asia -two regions that seem to produce aerosols of different types and characteristics. BoB, being surrounded by the rapidly developing Southeast Asian regions, provides an excellent laboratory to analyze the continental fluxes. Systematic sun-photometric measurements using MICROTOPS-II (MT) were performed over the oceanic research vessel (Sagar Kanya), spanning 35 days and covering the whole BoB. Furthermore, Terra and Aqua MODIS observations were used for comparison with the ship measurements. In contrast to the pre-ICARB campaigns, the large spatial coverage allows us to highlight the highly heterogeneous aerosol field, both in spatial and temporal domains, and to provide some useful information about the continental (Indian and Southeast Asian) influence. Section 2 provides information about the cruise track around BoB, the data set used are described in Sect. 3, while Sect. 4 presents the meteorological conditions during the cruise campaign. The results are discussed in Sect. 5, while Sect. 6 summarizes the main conclusions.
W-ICARB cruise track
The cruise track during the W-ICARB campaign is shown in Fig. 1 . The arrowheads denote the direction of the ship movement, while the red circles show the mean position of the ship at 10:30 h (Local Time) on each day. The ship started from Chennai port (13.1 • N, 80.2 • E) on 27 December 2008, and during its return journey, it passed Sri Lanka on 28 January 2009 and returned back to Kochi (9.6 • N, 76.1 • E) at AS on 30 January 2009. The particular configuration of the cruise track (Fig. 1) enabled measurements on the coastal waters adjoining the anthropogenically-dominated mainland and far off oceanic regions in rapid succession . This provided a nearly homogeneous spatially gridded aerosol database within a time span of about a month, during which the aerosol characteristics are considered to be statistically invariant ). This was also corroborated by the prevailing meteorology, which was devoid of any major synoptic weather systems, such as cyclones, depressions, or extensive cloud cover during the measuring period.
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Datasets and methodology
High temporal resolution (∼10 min) measurements of directbeam solar radiation were made using two (sun-photometer and ozonometer) handheld MICROTOPS-II (Solar Light Company, USA). The one provides the AOD at 5 channels (380, 440, 500, 675, and 870 nm) , while the other the AOD at 1020 nm, the columnar water vapor and the column ozone, using three UV and two IR bands, one of them being 1020 nm. The sun photometer works on the principle of measuring surface-reaching solar radiation intensity at specified wavelength bands and calculates corresponding optical depths by knowing the respective radiation intensities at top of atmosphere (TOA), using its internal calibration. The Full Width at Half Maximum (FWHM) bandwidth is 2.4±0.4 nm at 380 nm channel and 10 ± 1.5 at the other channels. The accuracy of the sun-targeting angle is better than 0.1 • . The errors in the AOD estimation could result from diffuse radiation entering the optical channel, computation error in relative air mass, calibration coefficient variation with time, and uncertainty in the optical depths due to Rayleigh scattering and absorption by O 3 , NO 2 , and water vapor (Shaw, 1976) . Furthermore, we have applied the Cachorro et al. (2004) technique of correction to each wavelength for eliminating the diurnal artifact of the AOD. The absolute error in the derived AODs is about ±0.03 (Morys et al., 2001) , with larger values in the UV. The MT instrument was factory calibrated at regular interval, while more details about the measurement protocol and accuracy of the AOD retrievals can be found in Kaskaoutis et al. (2011) . Ship-borne measurements of air temperature (T ), atmospheric pressure, relative humidity (RH), wind speed (WS), and direction have also been carried out on an hourly basis. In addition, sea surface temperature (SST) measurements were taken using the bucket thermometer from a few centimeters below the sea surface. The measured WS was corrected for the velocity of the ship using the method proposed by Smith et al. (1999) . A global positioning system (GPS) onboard provided continuous information on time and position of the ship.
The MODIS AOD 550 and α 550−865 (over ocean) values were also used to analyze the spatial distribution of the columnar aerosol properties. The MODIS data correspond to collection 5 (C005) level 3 (Levy et al., 2007) from both Terra and Aqua satellites. The level 3 was selected in order to cover the whole movement of the ship on each day. Thus, the MODIS data correspond to the averaged value of some pixels (depending on the daily ship movement) covering an area ranging from 100 × 100 km to 300 × 300 km along the ship track. The MT aerosol measurements in a time interval of ±30 min around the MODIS overpass were used for the comparison with the MODIS data. It was found that the use of level 2 (10 × 10 km) MODIS data are strongly correlated with the level 3 ones (R = 0.92) for both Terra and Aqua (Sinha et al., 2011a ).
In addition, we used Cloud-Aerosol Lidar and Infrared Pathfinder Satellite Observation (CALIPSO) images for the backscatter coefficient at 532 and the depolarization ratio in a specific day of the cruise in order to present the intense outflow of aerosols and pollutants from Indian sub-continent towards BoB. CALIPSO provides new insight on the role of atmospheric aerosols and clouds in regulating Earth's weather, climate, and air quality by providing their vertical distribution. As part of the A-train satellite constellation, CALIPSO has a 98 • -inclination orbit and flies at an altitude of 705 km, and can observe aerosols over bright surfaces and beneath thin clouds with vertical resolution of 30 m. The CALIPSO payload consists of three instruments: the Cloud-Aerosol Lidar with Orthogonal Polarization (CALIOP), an Imaging Infrared Radiometer (IIR), and a moderate spatial resolution Wide Field-of-view Camera (WFC). CALIOP provides profiles of aerosols at 532 and 1064 nm, as well as two orthogonal (parallel and perpendicular) polarization components at 532 nm. A detailed description about CALIPSO instruments, operation, and measurements can be found elsewhere (Powell et al., 2009) .
In order to identify the source regions as well as the transport pathways of the air parcels arriving over BoB during the cruise campaign, we have used the Hybrid Single Particle Lagrangian Integrated Trajectory (HYSPLIT) model. Fivedays back trajectories at 3 atmospheric levels are considered: (a) 500 m (within the MABL), (b) 1500 m (above the MABL but below the trade wind inversion), and (c) 3000 m (in the lower free troposphere).
Prevailing meteorology during W-ICARB
The NCEP/NCAR reanalysis meridional and zonal wind fields at the pressure levels 850 and 700 mb have been used to ascertain the synoptic meteorological conditions during the study period. Figure 2 shows the mean composite vector wind at 850 and 700-mb levels, respectively over South Asia for the period of 27 December 2008 to 30 January 2009. The arrowheads show the wind direction and the length of arrow corresponds to the mean wind speed, which is also represented by the colored scale. The winds at 850 mb were below ∼4 m s −1 over continental India, having larger intensities over BoB, mainly over its southern parts. The stronger winds over southern BoB may be responsible for the production of coarse sea-salt aerosols (Kaskaoutis et al., 2011; Sinha et al., 2011a) . The low level anticyclone prevailed over the Indian mainland led to a continental outflow from IndoGangetic Plains (IGP) over the northwestern BoB. In further contrast, the eastern and southern parts of BoB were under the influence of easterlies from Southeast Asia. Note also the very low winds, indicating absence of continental advection in northeastern BoB (close to Myanmar coast) where the AODs are the lowest (see following sections). Similar synoptic wind pattern prevailed at 700 mb, even composed by stronger (>7 m s −1 ) northwesterly winds over the northern BoB.
Measurements of several meteorological parameters during the cruise campaign were taken using multiple sensors, which were kept at ∼10 m a.m.s.l. onboard the ship. Most of the days were cloudless or partly cloudy, while the average convective mixed layer height ranged from ∼100 m to ∼1.7 km with a mean of ∼710 m as determined via radiosonde temperature profiles. Figure 3a -d shows the daily mean variation of SST, RH, T , and WS, respectively, during W-ICARB. The SST was varying between 24 • C and 28 • C. As expected, the lowest SST values were observed in the northern BoB (31 December 2008, 7 January 2009) and the highest in the south BoB and NIO (last days of the cruise), creating a pronounced latitudinal gradient. The RH was ranging between 49-80 %, with the lowest values (∼50 %) to be observed on the first days of the cruise (28-30 December), probably affected by the drier continental air masses. Low RH values were also observed in the eastern BoB (11, 15-16 January 2009), while in some parts of north (e.g. 7 January) and especially in south BoB, the RH was above 70-75 %. During the cruise campaign the daily mean air temperature (T ) varied from 24.5 • C to 29.3 • C, while the lowest and highest values were observed in the northern BoB (31 December, 7-8 January) and in the southern parts (last cruise days), respectively. The WS showed considerable fluctuations during the cruise period, ranging from low (∼2 m s −1 ) to high (∼12 m s −1 ) values. The mean synoptic wind pattern over BoB comprised of northwesterly winds (<7 m s −1 ) over the northern and western BoB, while stronger easterly winds (>8 m s −1 ) prevailed over eastern and southern BoB.
Results and discussion

Aerosol optical properties over BoB
Spectral AOD in all the clear-sky days were carried out using MICROTOPS-II sun photometer at five wavelengths (i.e. 380, 440, 500, 675, and 870 nm) in ∼10-min time intervals. Figure 4a -c shows the spatial distribution of AOD 500 , Angstrom exponent α and turbidity coefficient β, respectively. These figures have the disadvantage of providing a spatial distribution where the measurements correspond to a fixed location at a defined time interval. However, it was found that no significant temporal variability exists over the time period of one month able to strongly affect the presented spatial distributions. The AOD 500 exhibits large dayto-day variation with a sharp latitudinal gradient and similar spatial distribution to that observed in the pre-monsoon ICARB-06 campaign (e.g. Moorthy et al., 2008) . Thus, the present results show that the continental outflow over BoB is also significant in winter, whereas the aerosol field in the two seasons (winter and pre-monsoon) is composed of different types, having larger coarse-mode fraction and aerosols of desert origin in pre-monsoon (Kalapureddy and Devara, 2008) . Very high AOD 500 (0.7 to >1.0) occurs close to the northeastern Indian coast due to direct influence of the coastal urban centers and the long-range transport of continental aerosols. Lower AOD 500 values (0.1-0.2) occur in central BoB, far away from the coasts, and in a small area in the northeastern part of BoB close to Myanmar coast. The latter is somewhat unexpected, but the air masses were rather clear (fast moving from the west and/or of marine origin) when the ship was cruising in this area. AOD 500 values ranging from 0.4-0.6 and 0.2-0.5 are observed over eastern and southern BoB, respectively. A mean AOD 500 of 0.41 ± 0.14 over coastal-central BoB was reported during a limited cruise campaign in February 2003 ; more specifically, they found mean AOD 500 of 0.54±0.05 near the coast and 0.30 ± 0.05 in central BoB, which are very close to the present results. The mean AOD 500 during W-ICARB was found to be 0.38 ± 0.21, thus exhibiting large spatial heterogeneity. This mean value is comparable in magnitude with that (0.36 ± 0.12) found over BoB during ICARB-06 (Kalapureddy and Devara, 2008) . The little higher winter value (this study) is mainly attributed to some extreme AOD 500 measured over northwest BoB on 2 January (1.53 ± 0.17). On that day the sun photometer observations were limited only in morning hours (till ∼11:30 LST) and were not used from other studies conducted over the region (e.g. Moorthy et al., 2010) . The weather conditions in early morning were hazy with the formation of thin clouds at noon. Based on   1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42 8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42 8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42 the strict criteria applied in Kaskaoutis et al. (2011) about avoiding cloud contamination in the sun photometric measurements, the morning hours of 2 January that are used in the present study are not considered as cloud contaminated, but as high turbid.
TheÅngström wavelength exponent (α) and turbidity coefficient (β) were estimated in the wavelength band 380-870 nm using the least squares method. The high values of α (>1.1) along the east Indian coast, northern and eastern BoB indicate relative abundance of fine and accumulationmode aerosols. The central and southern BoB showed lower α values (below 0.7), suggesting dominance of coarse-mode particles. These particles could be associated with additional production of sea-spray aerosols due to stronger winds over this area (Figs. 2, 3 ) affecting the concentrations of supermicron particles (Sinha et al., 2011a) at the sea surface. However, no significant correlation between columnar parameters (α or AOD) and sea-surface WS was found, since there is possibility for elevated aerosol layers of continental origin . The mean α 380−870 was found to be 1.14 ± 0.24, slightly lower but with larger variation from the value 1.21 ± 0.11 found over BoB, and larger than that (0.90 ± 0.18) reported over AS during ICARB-06 (Kalapureddy and Devara, 2008) . This indicates that in both seasons, BoB is affected more by anthropogenic emissions from continental India and Southeast Asia than the AS. A significant finding revealed from the spatial distribution of α is an eastward increase for latitudes between 8 • N and 15 • N, which was not established in the ICARB-06 campaign, since the far eastern BoB remained unexplored. The spatial distribution of β seems to follow that of AOD 500 , since their between correlation is associated with 89 % of the variance. Thus, low (<0.15) values are observed near the Myanmar coast and in central BoB and higher in northern (0.4<) and western (0.2-0.3) BoB. The β values are larger near coastal India than in the far eastern BoB, although these regions present similar AOD 550 . This indicates a stronger influence of mixed aerosols, having a larger coarse fraction over coastal India, while over eastern BoB the aerosols are of fine mode (Kaskaoutis et al., 2011) . During the campaign, β was found to be 0.17 ± 0.09, larger than that (0.14 ± 0.08) reported during ICARB-06 (Kalapureddy and Devara, 2008) .
The results of numerous campaigns suggested that both AOD and α values are higher over BoB compared to those over AS and NIO, having also a more absorbing nature (e.g. Satheesh et al., 2001; Moorthy et al., 2009) . A direct comparison between aerosol characteristics measured over BoB during W-ICARB and those of previous cruise campaigns is included in Moorthy et al. (2010) . The large values of AOD and α over BoB differentiates this marine environment from an open oceanic one due to intense anthropogenic outflows, as major industries are located along the coastal region of BoB at Chennai, Kolkata, Visakhapatnam, etc., which includes cement factories, coal based thermal power plants, steel plants, etc. W-ICARB, being the most extended cruise campaign over the region in winter season, highlights a pronounced continental influence not only over northern BoB, but also over its southern parts as has already been shown in pre-monsoon .
Latitudinal dependence of aerosol properties
Even though the oceanic environment is less heterogeneous compared to land, several studies have shown large aerosol heterogeneities over oceanic regions, even over reasonably small spatial scale (e.g. Kaskaoutis et al., 2010) . Atmospheric dynamics and thermodynamics as well as long-range transport play a vital role on aerosol loading and its variations over BoB (e.g. Moorthy et al., 2009) . In this respect, Fig. 5 shows the latitudinal variation of AOD 500 , α 380−870 , and coefficient a 2 , which indicates the curvature in the lnAOD vs. lnλ plot [lnAOD = a 2 (lnλ) 2 + a 1 lnλ + a 0 ]. The coefficient a 2 can be used along with α for the discrimination of different aerosol types, while positive values of it correspond Ann. Geophys., 29, 1423 Geophys., 29, -1438 Geophys., 29, , 2011 www.ann-geophys.net/29/1423/2011/ to size distribution dominated by coarse-mode particles and vice versa (Kaskaoutis et al., , 2011 . The latitudinal step is defined to 1 degree, while the vertical bars provide the standard deviation of the mean value due to longitudinal variation of each parameter. The AOD 500 increases steadily with latitude for areas northern than ∼12 • N associated with increasing in standard deviation. This latitudinal variation can be accurately fitted (R 2 = 0.97) by an exponential growth function of the form y(x) = x o exp(x/x D ) + B. In this form, x is the latitude (in degrees), x o is the latitude independent component, and x D is the scaling distance (in degrees) corresponding to an e-fold change in y (AOD) in degrees of latitude. The scaling distance is commonly used for such studies in order to reveal how steep the variation is in aerosol properties as a function of latitude or of the distance from the coast (Ramachandran, 2004) . The results show a scaling distance of 3.8 • ± 1.7 • , which is much lower than that (10.6 • ) found by Moorthy et al. (2010) over the same area during W-ICARB. The difference is mainly attributed to the use of the very high morning AOD values on 2 January 2009 in the present study, which leads to higher AODs in the northern latitudes, as well as to the use of the AOD value for 21 • N, which is not used by Moorthy et al. (2010) . Excluding these two values, the scaling distance was found to be 8.9 • ± 1.3 • , which is much closer to the value reported by Moorthy et al. (2010) . In great similarity with the present results, the long-term (2000-2009) MODIS AOD 550 latitudinal variation over BoB (for latitudes greater than 8 • N) in January showed an exponential growth with scaling distance of 3.4 • ± 1.2 • (not shown). In contrast, α 380−870 does not show any remarkable latitudinal variation during W-ICARB except of the lesser values for <8 • . Previous observations during ICARB-06 (e.g. Kedia and Ramachandran, 2008) have shown a strong south-to-north gradient of increasing AOD and α over BoB. The latitudinal variation of α from Fig. 5 seems to be somewhat different to that observed in the spatial distribution of this parameter (Fig. 4b) , This inconsistency is attributed to the limited α 380−870 values for latitudes below 8 • N. For example, at 6 • N the availability of data is limited over the southwestern BoB (note the black dots in Fig. 4) , thus leading to smaller α 380−870 than that at 4 • and 5 • . The curvature (a 2 ) exhibits a continuously decreasing trend towards northern BoB, which is an indication of finemode aerosol dominance. The scaling distance was found to be 15.3 • , with the exponential decay function presenting high accuracy (0.86). The a 2 values in southern BoB and NIO are characteristics of super-micron particle size (positive a 2 ), while those for latitudes larger than 8 • N for accumulation and fine-mode aerosols. Similarly to our results, Moorthy et al. (2010) found that the latitudinal variation of the accumulation mass concentration and accumulation mass fraction can be simulated by an exponential growth function with high accuracy (R 2 = 0.96 and 0.92, respectively) and scaling distance of ∼18 • . These results show a consistency between columnar and MABL aerosol characteristics.
Besides the clearly defined latitudinal gradient, a rather variable longitudinal one was found (not presented) depending strongly on the latitudinal belt. Thus, over northern BoB (>19 • N) there is a strong longitudinal gradient with decreasing values of AOD 500 and increasing values of a from west to east (see also Fig. 4 ). Between 12 • N and 17 • N, the AOD 500 and α present larger values near the Indian coast, which are continuously decreasing in the central part and increasing again in the far east BoB (>92 • E), while in southern BoB and NIO (<8 • N) both AOD 500 and α exhibit insignificant longitudinal variation. A previous study (Ramachandran, 2004) showed that the spectral AOD presented a steep longitudinal gradient, as the ship was moving from the Indian coast towards the pristine oceanic region, thus highlighting the reduced anthropogenic influence in central BoB.
Aerosol and pollution transport over BoB
In order to identify the sources of high aerosol loading over the northern BoB, Terra/Aqua MODIS true color images are shown on 7 January 2009, when the ship was crossing the north BoB (Fig. 6 ). An intense hazy-aerosol layer over IGP and Bangladesh is clearly shown by satellite images, indicating a strong continental outflow towards the marine environment. During W-ICARB such aerosol layers are transported towards downwind direction over northern BoB, resulting in dramatic increase in AOD 500 and β values on 31 December 2008 (0.68 ± 0.07, 0.25 ± 0.03), 2 January (1.53 ± 0.17, 0.67 ± 0.09), and 7 January 2009 (0.76 ± 0.06, 0.31 ± 0.03) and limitation of visibility.
Such dense fog and hazy conditions are very common over IGP during winter (e.g. Singh et al., 2004; Ramachandran et al., 2006; Das et al., 2008) , which traps the aerosols and pollutants near the ground. The large amount of water-soluble aerosols over IGP provides the necessary condensation nuclei for the formation of fog near the ground, especially when the RH is high (Badarinath et al., 2007b) . These thick aerosol layers have attracted scientific interest in recent years, described as "Atmospheric Brownish Clouds, ABC" (Ramanathan et al., 2005; Lawrence and Lelieveld, 2010) that are comprised mainly of Black Carbon (BC), sulphate, ammonium, and nitrate. Burning of biofuels, such as wood, agricultural waste, and dried animal manure in cooking stoves, is the largest source of BC emissions in India, contributing 42 % of the total (Venkataraman et al., 2005) . The ABC can be even 3-km thick and can be transported several kilometers downwind, affecting south India and the adjoining oceanic regions (Ramanathan et al., 2005) . Furthermore, they absorb the solar radiation heating the atmosphere, thus causing a temperature anomaly over northern India (Gautam et al., 2010) able to cause the melting of the Himalayan glaciers (Prasad et al., 2009; Menon et al., 2010) .
Although MODIS sensors can clearly detect the aerosol loading over IGP and BoB, its thickness and vertical extend cannot be monitored. The thick aerosol layer, extending from surface up to ∼3-km altitude, is quite detectable by CALIPSO, covering IGP and northwestern part of BoB; this aerosol layer is developed just below the foothills of the Himalayas, into the topographic low basin of Ganges river. The backscatter profile is characterized by large attenuation values (0.002-0.005 km −1 sr −1 ) within the aerosol layer. A significant finding revealed from CALIPSO observations is the slightly larger vertical extend of the aerosol layer over IGP, whose thickness is reduced over BoB (<∼ 2 km). The larger height of mixed layer over land compared to the shallower MABL seems to play a vital role in the vertical extend of aerosols as well as the gravitational settling of the particles for large distances of their source regions. Thus, the aerosol layer shows a continuous attenuation towards south BoB (7 • -8 • N, 82 • -83 • E), consistent with the results of Moorthy et al. (2010) . The depolarization ratio is defined as the ratio of the perpendicular and parallel components of the attenuated backscatter signal (Liu et al., 2008) , and is a good proxy to distinguish between spherical (e.g. sulfate) and non-spherical (e.g. cloud droplets, dust) aerosols; higher values correspond to non-spherical particles. The depolarization ratio values are below 0.1 within the thick aerosol layer both over IGP and BoB, indicating a homogeneous layer of pollution and finemode aerosols.
Except for the CALIPSO observations on 1 January, the CALIPSO extinction coefficient at 532 nm showed much larger values (∼0.17-0.22 km sr −1 ) within the MABL in the Ann. Geophys., 29, 1423 Geophys., 29, -1438 Geophys., 29, , 2011 www.ann-geophys.net/29/1423/2011/ north and west BoB than those (0.05-0.1 km sr −1 ) observed over the other BoB sub-regions . Moreover, distinct elevated aerosol layers were noticed over west and north BoB at altitudes between 0.5 km and 2 km, which are consisted with the aircraft-based observations over the east coast of India Satheesh et al., 2009 ). This indicates that the outflow of aerosols over the northern parts of BoB is confined both within the MABL and in the middle troposphere affecting the atmospheric heating rates and the aerosol forcing over the area ). The elevated aerosol layers observed in variable intensity over the whole BoB contribute to the vertical heterogeneity in aerosol load and characteristics over the region (Sinha et al., 2011b) .
Influence of air-mass trajectories
In order to understand the various aerosol sources, 5-day isentropic air mass back-trajectory analysis was used by means of HYSPLIT model (Draxler and Rolph, 2003) at 500 m, 1500 m, and 3000 m a.m.s.l. For better analysis, the BoB has been divided into the 4 sub-regions (a) west, (b) north, (c) east, and (d) south-central ( Fig. 8a-d) .
In general, the back-trajectories can be divided into four main sectors: (i) northwest, for trajectories coming from continental India and IGP; (ii), east, for air masses originating from Southeast Asia; (iii) south, for air masses transported from the tropical Indian Ocean; and (iv) west, for air masses coming from arid regions in the Middle East and then crossing continental India before reaching BoB. Different types of aerosols are expected for each individual sector. Thus, for the northwest and east sectors the air masses carry mainly anthropogenic aerosols from densely populated regions. Large consumption of fossil fuels and biomass burning are the major sources of the anthropogenic aerosols produced in these regions (Reddy and Venkataraman, 2002) . The tropical air masses carry marine coarse-mode aerosols, while the west air masses contain dust particles mixed with anthropogenic ones. During the first days of the cruise (27-31 December 2008), the air masses are from western/northwestern directions (Fig. 8a) originating from desert regions in Iran, Pakistan, and northwestern India (mainly at 3000 m). These air masses are crossing continental India before reaching over BoB. Despite the anthropogenic-aerosol transport, they can also carry (mainly above 2 km) dust from the arid landscapes in the west under favorable atmospheric conditions. However, the dust outbreaks are rather rare in winter, affecting more the northern AS and not so much the BoB (Badarinath et al., 2010) . As the altitude decreases the air masses originate from IGP carrying anthropogenic aerosols and pollutants over the coastal BoB, resulting in higher abundance of sub-micron aerosols mixed with natural ones under the development of the dense fog conditions.
In the north BoB (Fig. 8b) , the air masses seem to have a more complicated pattern, with the western and northwestern sector dominate, providing conduits for transport of continental aerosols. The lower air masses are originated from IGP, carrying significant amount of aerosols over the region, which accounts for the observed high AODs (Fig. 4a) and accumulation-mode dominance (Fig. 4b) . The northeastern BoB exhibits the lowest AOD 500 (Fig. 4a ) and the highest α (Fig. 4b) . When the ship was crossing this region, the air masses indicated mainly from costal India (3000 m) and coastal Myanmar (500 m, 1500 m) and devoid of significant continental advection, being mainly oceanic in nature. Moreover, since the coastal eastern India shows large α values, this kind of aerosol transport is responsible for the α > 1.4 over the northeastern BoB.
When the ship was crossing the eastern BoB, the air masses at all levels (except very few) originated from Southeast Asia (Fig. 8c) , carrying anthropogenic aerosols over the region, contributing significantly to the enhanced AOD and α values. The role of such transport in increasing the AOD at shorter wavelengths and BC mass concentration in the eastern BoB has also been reported by long-term observations (Moorthy and Babu, 2006) . Furthermore, Moorthy et al. (2003) reported larger AOD and α values at Port Blair (eastern BoB) when associated with air masses coming from Southeast Asia. However, the eastern BoB presents lower AODs compared to the northern and western parts, since Southeast Asia does not contain such large amounts of aerosols as IGP.
In central and southern BoB (Fig. 8d) , the air masses are mainly from eastern directions, originating from coastal Southeast Asia and spend a large time over the marine environment. This justifies the lower AOD (∼0.2) and the moderate values of α (0.8-1.0) over the region as a result of a rather mixed aerosol type consisting of coarse (sea salt) and fine (anthropogenic) aerosols. The dominance of the oceanic air masses associated with the larger WS in the south BoB are the indicators of producing coarse-mode sea-salt aerosols over this region. Air masses of marine origin were also found during ICARB-06 when the ship was cruising the south BoB , resulting in lower AOD and α values.
In order to further explain the large AOD and α values over far eastern BoB, daily datasets of MODIS fire counts were analyzed for active forest fire locations, which are significant sources of aerosols over South Asia (e.g. Venkataraman et al., 2006) . Figure 9 shows the active fires as detected from MODIS fire response system (http://rapidfire.sci.gsfc. nasa.gov/firemaps/) over Southeast Asia during the period 11-20 January 2009 when the ship was crossing the eastern part of the BoB. The open fires are mainly detected in Southeastern Asia and in some locations in central and western India, whereas very few exist over IGP. It was found that the fire spots in Southeast Asia present a slight increasing trend towards the end of the cruise period. Thus, when the ship was crossing the eastern BoB (10-18 January), the easterlies (Figs. 2, 8c ) transported biomass-burning aerosols over this area. However, MODIS images did not show any severe fires in Southeast Asia able to cause a dramatic increase in AOD values on a specific day. Despite this, the fires seem to significantly affect the accumulation-mode abundance over eastern BoB and, more specifically, near coastal regions as indicated by the large (>1.4) α values. This is the reason for the clear dominance of the fine-mode aerosols (anthropogenic-pollution type) found over BoB by Kaskaoutis et al. (2011) . Far away from the fire locations, in central and south BoB where the air masses remained from eastern directions (Fig. 8d) , there is significant reduction of 38   1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42 5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42 the biomass-burning influence due to subsidence and dispersion of the aerosols.
Comparison between MICROTOPS-II and MODIS
The AOD 500 and α 380−870 spatial distributions (Fig. 4a, b) were prepared using the whole set of measurements onboard a moving platform; thus, we cannot have the spatial distribution of the aerosol optical properties over the entire BoB at the same time. Therefore, one can believe that these graphs consist of a degree of arbitrariness and the presented figures cannot be representative for the whole duration of the W-ICARB cruise, since the measurements can be changed at a specific location depending on time and prevailing meteorology. In this respect, Fig. 10a-b Similarly, Fig. 11a, b shows the mean spatial distribution of Terra/Aqua MODIS α 550−865 over BoB using the ocean algorithm. Higher α 550−865 values are observed over north, west, and east BoB, but lower (in general <0.7) values in central and southern parts of BoB and NIO, consistent with the cruise observations (Fig. 4b) . The two MODIS sensors reveal a similar spatial distribution and mean value of 0.99 ± 0.18 for Terra and 0.98 ± 0.19 for Aqua; their between correlation is associated with 75 % of the variance, lower than that found for AOD 550 . 40 1 2 3 2 7 D e c 2 9 D e c 3 1 D e c 2 J a n 4 J a n 6 J a n 8 J a n 1 0 J a n 1 2 J a n 1 4 J a n 1 6 J a n 1 8 J a n 2 0 J a n 2 2 J a n 2 4 J a n 2 6 J a n 2 9 D e c 3 1 D e c 2 J a n 4 J a n 6 J a n 8 J a n 1 0 J a n 1 2 J a n 1 4 J a n 1 6 J a n 1 8 J a n 2 0 J a n 2 2 J a n 2 4 J a n 2 6 J a Despite the good qualitative correlation between shipborne and satellite mean spatial distributions, a more detailed analysis is now given regarding the consistency between MT and MODIS over BoB. In this respect, MODIS level 3 (C005) data covering the daytime movement of the ship are correlated with MT data averaged over a time interval of ±30 min around the Terra and Aqua overpass. As the 550 nm channel was not available in MT, the AOD for this wavelength was estimated using α 380−870 . The day-to-day variation of MT and Terra/Aqua MODIS AOD 550 as well as their between correlations are shown in Fig. 12a, b , respectively. Some lack of data on certain days during the end of the cruise is attributed to cloud formation over the ship location at the time of Terra and/or Aqua overpass. In general, ship-borne and satellite observations reveal a similar temporal pattern during the whole duration of the cruise campaign. The peaks in MT AOD 550 (31 December 2008, 2 January and 7 January 2009) are well represented by MODIS despite the larger differences in the values. The MT AOD 550 around the Terra overpass is higher (0.40 ± 0.26) compared to that of Aqua overpass (0.35 ± 0.12). The relative large difference is attributed to the unavailability of data on the same days and ship locations, mainly due to formation of clouds, i.e. exclusion of the high AOD 550 value at 10:30 on 2 January (not available at 13:30) will reduce the morning MT AOD 550 to 0.36. The correlation between the MT AOD 550 values in a time interval of ∼3 h is R 2 = 0.6. It is worth noting that the 10:30 MT AOD 550 is larger than the respective one at 13:30 when the ship was cruising western and northern BoB, while in eastern and southern BoB this is not the case. This indicates that in coastal waters the AOD diurnal variation follows the continental one, which is comprised by higher values at morning hours reducing due to aerosol dilution at local noon (e.g. Badarinath et al., 2007a) . The scatter plot between Terra/Aqua MODIS and MT AOD 550 (Fig. 12b) suggests a good correlation (R 2 = 0.86 and 0.77, for Terra and Aqua, respectively). The vertical and horizontal bars correspond to the standard deviations revealed by the spatial averaged (MODIS) and the temporal averaged (MT) values. It is observed that the ship-borne and satellite AODs are in close agreement for lower values, while for large AOD 550 the inconsistency increases. The observed correlations are similar to those reported over BoB during ICARB-06 (Aloysius et al., 2008) and from previous campaigns (e.g. Vinoj et al., 2004) . In general, MODIS underestimates MT AODs, with larger differences (0.2-0.4) over northern BoB and very low (<0.07) differences over central and south BoB. Similarly, Kedia and Ramachandran (2008) found higher MT AODs compared to those from MODIS over BoB during ICARB-06.
Similar analysis is performed for the α values. For consistency with the MODIS retrievals (α 550−865 ), the MT α values were calculated in the band 500-870 nm. We did not use the region 550-870 nm in order to avoid additional uncertainties in α revealed from the calculated AOD 550 . The day-to-day variation of the MT and MODIS α is shown in Fig. 13a . Opposite to AOD 550 , MT and MODIS sensors present significant differences in the temporal variation of α. However, all data agree to a general decrease in α values on the last days of the cruise campaign as well as to the low value on 4 January. The mean MT α values are larger than those of Terra and Aqua, although their between differences are low (∼10-11 %). Figure 13a also reveals a systematic MODIS underestimation during the second half of the cruise over southeast and south BoB. This is probably attributed to the fact that the MODIS algorithms assume a marine aerosol model, with reduced α values, for the aerosol retrievals over this area, Ann. Geophys., 29, 1423 Geophys., 29, -1438 Geophys., 29, , 2011 www.ann-geophys.net/29/1423/2011/ while advection from anthropogenic aerosols can be important. The correlation between the MT α values at 10:30 and 13:30 is similar to that for AOD 550 (R 2 = 0.61), while between Terra and Aqua is very low (R 2 = 0.2), indicating the increased satellite uncertainties in retrieving parameters related to aerosol size (Levy et al., 2007) . As expected, the correlation between MT and MODIS α values shows larger scatter (Fig. 13b) compared to that for AOD 550 (R 2 = 0.38 and 0.33 for Terra and Aqua, respectively), while except for a few cases, MODIS systematically underestimates the MT α values.
Conclusions
Ship-borne spectral aerosol measurements using a MT sunphotometer along with Terra/Aqua MODIS observations over BoB during W-ICARB cruise campaign (27 December 2008 -30 January 2009 were analyzed aiming at exploring the aerosol spatial distribution over the oceanic environment and to highlight the role of continental advection. The main findings of the study are as follows:
-Large spatial heterogeneity existed in aerosol properties related with aerosol loading and size distribution. Thus, the spatial distributions of AOD 500 , α, and β showed higher values near the coast and northern BoB attributed to the anthropogenic aerosol advection from continental regions. Large values of AOD 500 (>0.7) occurred over northern BoB, while in central and southern BoB the AOD 500 was ∼0.1-0.2.
-Similarly to the AOD, the Angstrom exponent showed larger values in northern and eastern BoB (>1.2), while its values dropped to ∼0.7 in central and southern BoB.
-During W-ICARB the majority of the air masses had a northwestern or eastern direction carrying anthropogenic aerosols and/or biomass burning enhancing AOD and its spectral dependence over the marine environment. The largest α values over east BoB could be explained by biomass-burning episodes in Southeast Asia, with the easterly air masses influencing the aerosol load over the region. Furthermore, the air masses influencing the west and north BoB carried significant amounts of anthropogenic aerosols and pollutants from IGP mixed with natural ones. Being downwind of these two major aerosol source regions, BoB experienced high concentrations of fine-mode aerosols from continental anthropogenic sources and/or biomass burning.
-In the winter season, fog/aerosol conditions over IGP are a very common phenomenon. Such thick fog/aerosol layers were transported over northern BoB, causing large increase in AOD 500 and reaching even above 1.0 on certain days (e.g. 2 January). The 1 2 3 4 2 7 D e c 2 9 D e c 3 1 D e c 2 J a n 4 J a n 6 J a n 8 J a n 1 0 J a n 1 2 J a n 1 4 J a n 1 6 J a n 1 8 J a n 2 0 J a n 2 2 J a n 2 4 J a n 2 6 J a n Figure 13(a, b) . 10 11 2 7 D e c 2 9 D e c 3 1 D e c 2 J a n 4 J a n 6 J a n 8 J a n 1 0 J a n 1 2 J a n 1 4 J a n 1 6 J a n 1 8 J a n 2 0 J a n 2 2 J a n 2 4 J a n 2 6 J a CALIPSO observations showed large spatial and vertical extent of such aerosol layers over BoB.
-The MT AOD 550 values were in general agreement with those of Terra/Aqua MODIS (R 2 = 0.86 and 0.77, respectively), while a MODIS underestimation was found for large AODs. The respective correlations between the α values were not so good (R 2 = 0.33-0.38).
-The close agreement both in values and spatial distributions of the AOD and α between the cruise measurements and satellite sensors indicated that the spatial distribution of the aerosol properties obtained from measurements at different locations and time intervals during the cruise campaign can be assumed representative during a one month period (January 2009).
